Eleventh U.S. National Conference on Earthquake Engineering

Integrating Science, Engineering & Policy
June 25-29, 2018
Los Angeles, California

MULTI-SCALE AND PROBABILISTIC
MODELING OF TSUNAMI FORCES ON
STRUCTURES
M. Motley1, R. LeVeque2, F. Gonzalez3, M. Eberhard4, X. Qin5, A.
Winter5 and C. Gills5
ABSTRACT
Tsunamis produced by subduction zone earthquakes pose a serious threat to coastal communities
and infrastructure. Properly assessing the risk requires a probabilistic approach due to the rarity
of such events and the inherent uncertainties involved. Thus, the development of Probabilistic
Tsunami Hazard Assessment (PTHA) techniques is required to adequately account for the
variability of earthquake magnitude and slip distribution, which control tsunami generation and
consequently fluid loads and structural response. We are developing tsunami force prediction
techniques for use in probabilistic models by comparing the results from numerically expensive
3D OpenFOAM models capable of capturing complex fluid dynamics to results from
numerically cheap, depth-averaged 2D GeoClaw models. Using validated 2D models, a large
ensemble of hypothetical events may be simulated rapidly for use in PTHA. Multi-fidelity Monte
Carlo techniques may guide the optimal combination of many two-dimensional simulations with
relatively few well-chosen 3D runs. Numerical results have also been compared to experiments
performed at the O.H. Hinsdale Wave Research Laboratory, where the impact of tsunami-like
waves on individual structures and tsunami-like flow through a built environment were
investigated.
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Community-Scale Modeling
Both 2D and 3D models were developed to predict tsunami inundation flow velocities and water
levels at Seaside, Oregon [1]. Figure 1 shows top and side views of the basin with building
models and the locations of the 31 gauges used to measure water level and flow velocity. An
initial wave height of approximately 0.2 m (10 m at prototype scale) was generated at the lower
horizontal section of the basin and propagated onshore to impact the buildings.
The 3D models were built with OpenFOAM, an open-source computational fluid
dynamics package [2]. Since it was too computationally expensive to model the whole basin at
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once with a 3D model, four
subsections were modeled as
shown in Figure 1. The 2D
model covering the entire basin
was simulated with the
GeoClaw software. The 3D
models took 10 days to
complete, whereas the 2D
models took only 6 hours.
Figure 2 compares
numerical and experimental Figure 1. Left: Top view and side view of the basin; Right:
results for surface elevation,
Four different subsections and layout of gauges.
cross-shore
velocity
and
momentum flux at selected
gauges. During initial impact
when the peak water level was
reached, both water level
amplitude and arrival time for
the 3D model agreed well with
measurements at many of the
gauges, whereas the 2D model
underestimated the amplitude.
Experimental velocities
were measured using Acoustic
Doppler Velocimeters (ADV). Figure 2. Surface elevation, cross-shore velocity and
However, near the initial
momentum flux at gauges A1 (left) and A2 (right).
impact, the velocity was found
by analyzing the position of the
bore from videos (dashed line in
Figure 2), since the ADV data
was not reliable due to air
entrained in the bore front. This
alternate measurement method
caused discrepancies in the
impact velocities, since the bore
front speed was not necessarily
equal to the peak velocity.
Figure 3. Normalized tsunami forces in cross-shore
Analysis of numerical results
direction on selected buildings.
showed the peak velocity was
above and behind the bore front, explaining the difference.
One advantage of using the 3D model is that it can predict tsunami impact forces on a
structure directly as shown in Figure 3 for selected buildings, where the forces were normalized
by the length of the seaward-facing building walls. The 2D model does not solve for pressure

field in the fluid and thus does not provide prediction of forces on structures directly.
Comparing the two models, a trade-off needs to be made between their different levels of
accuracy and required computational resources. Due to its low computational cost and moderate
sacrifice of accuracy, the 2D model provides the best option for PTHA, where many runs are
needed.
Structure-Scale Modeling
To obtain reasonable estimates of local
pressures and forces for designing tsunamiresistant structures, structure-scale modeling is
necessary. Thus, an elevated, rectangular
structure was subjected to unbroken and
broken waves in the Large Wave Flume at the
O.H. Hinsdale Wave Research Laboratory.
Initial tests were conducted on this structure
alone, but the influence of macroroughness in
terms of adjacent structures was studied too,
using
the
five
roughness
element
configurations as shown in Figure 4.

Figure 4.

Roughness element configurations.

Using pressure
gauge data from the
front face of the
elevated
structure,
pressure
distributions
were calculated using
the least squares method
for both wave types for
the isolated structure.
Pressure-integrated
forces were compared to
experimental load cell
data as well as an Figure 5: Unbroken (left) and broken (right) wave force histories and
pressure distributions (inset figures).
effective
hydrostatic
force for the unbroken wave case. Hydrostatic run-up heights were computed for all front face
pressure gauges, the average of which was used to compute the effective hydrostatic force. As
shown in Figure 5, the integrated forces and the experimental load cell data for both unbroken
and broken waves matched peak values and showed linear and quadratic pressure distributions,
respectively.
OpenFOAM simulations of the wave cases are currently being conducted to validate
pressure, velocity, and wave height data. Extrapolation to additional cases will be made to further
characterize the possible tsunami wave behavior patterns, which is a key step for future PTHA.

Influence of Macroroughness
Experimental data from the macroroughness studies has been compared to results of Nouri et al.
2010 presented in ASCE 7-16, particularly regarding velocity and force amplifications due to
upstream obstructions as shown in in Figure 6 [3].
Figure 6 shows that for both wave types,
large blockage ratios produced forces lower than
in the isolated structure case. This differs greatly
from the results shown in ASCE 7-16, where only
force increases are allowed. The peak force
reductions of 50% or more that occurred for
blockage ratios ≥ 0.3 would benefit designers
significantly by allowing for smaller design loads.
Large differences in upstream object positions as
well as the wave generation mechanism caused
the discrepancies in forces. This shows that a
broader range of wave types and positions of
upstream obstacles should be considered in future
studies to more accurately predict force
amplifications. At present, these results are being Figure 6. Force-Increase Ratios.
extrapolated to a combined probabilistic
assessment which couples numerical inundation models with stochastic observations from the
experiments described above for presentation at the NCEE conference.
Conclusions
Numerically-efficient, experimentally-validated techniques have been developed to assess
tsunami forces on coastal structures for community-scale models and are under development for
structure-scale models, providing useful tools for performing PTHA studies. Additionally, by
comparing ASCE 7-16 to experimental results, it has been shown that further investigations of
the influence of macroroughness on tsunami loads are necessary to adequately characterize their
dependence on varying wave characteristics and structure geometries.
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